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Synchrotron X-ray sources are used for scientific research worldwide because of their high brightness, tunability and narrow photon-energy bandwidth. However, synchrotrons are typically large devices (stadium-sized) because of the size of their component electron accelerator and undulator. More compact (room-sized) synchrotron X-ray sources have recently been reported. 1, 2 These make use of an electromagnetic undulator operating on the principle of inverse-Compton scattering instead of a fixed-magnet undulator. The much higher frequency of optical laser light used in Compton scattering than in fixed-magnet arrays reduces the electron energy required to produce X-rays, which in turn reduces the required size of the electron accelerator. Even greater size reductions can be achieved when laser light is used to drive both the undulator and the electron accelerator. [7] [8] [9] [10] 16 The radiofrequency (RF)-cavity-driven accelerator at Lawrence Livermore National Laboratory (LLNL) produces 478 keV X-ray beams with 12% spectral bandwidth, 16 ps inferred temporal duration, and a flux of 1 × 10 5 photons per shot, corresponding to 1.5 × 10 15 photons s -1 mm -2 mrad -2 (per 0.1% bandwidth) peak brilliance. Utilizing a laser-wakefield accelerator (LWFA) 17, 18 with an accelerating field gradient more than 1,000 times higher than conventional RF-cavity-driven accelerators (and thus much more compact), we now demonstrate the production of quasimonoenergetic X-rays that are 1,000 times brighter with 10 times more photons/shot. The increased brightness is due to the femtosecond pulse duration and micrometer-scale transverse size of LWFA electron beams and the X-rays they produce. This all-optical concept has been discussed theoretically [3] [4] [5] [6] 19 and has been demonstrated in proofof-principle experiments. 7-10 However, the X-rays produced thus far have had large bandwidths and fixed energy, even though narrow-bandwidth and tunable LWFA-generated electron beams have already been demonstrated. [20] [21] [22] [23] [24] [25] We now report X-rays from an LWFA-Compton light source that are not only bright and energetic, but also possess several other distinguishing characteristics of synchrotron light: narrow-bandwidth (~50% full-width at half-maximum, FWHM) and central energy tunability over a wide range (~70 keV to .1 MeV).
In the experiment we made use of the 100 TW, 800 nm Diocles laser at the University of Nebraska, Lincoln. 26 The laser beam was divided into two synchronized light pulses by an optical beamsplitter. As shown schematically in Figure 1a , one pulse drives the LWFA, and the other acts as an undulator by scattering from the electrons (see Methods). After interacting with the laser pulse, the electron beam is swept out of the X-ray path by a dipole magnet and onto a charge-calibrated detector, which records the electron-beam energy spectrum and angular divergence for each shot (Figure 1b ). The transverse spatial profile of the forward-directed X-ray beam is recorded by a calibrated detector (Figure 1c ) placed outside the vacuum system. The X-ray spectral bandwidth was directly measured by comparing the X-ray transmittances through a set of four Ross-filter 27 pairs, with each pair composed of two elements of similar atomic number. The thickness of each pair ( Table 1 ) was designed such that the transmission curves closely match for all photon energies outside of the two K-edges. The difference in transmitted signal through each pair (Supplementary Figure 1 ) was used to determine the number of photons with energies between the K-edges (see Methods). The filters were arranged in a checkerboard pattern to allow accurate reconstruction of the unfiltered X-ray spatial profile and to allow for multiple measurements across the beam's profile. Figure 2 shows the X-ray energy distribution, measured using filters contained within 4.5 mrad of the beam center (slightly smaller than the 10 mrad FWHM beam divergence). The X-ray spectrum was centred at 66 ± 7 keV, with an energy spread of ~50% FWHM (fitted with a Gaussian profile). By virtue of being peaked, rather than exponentially decaying with increasing energy (as in previous all-laser-driven Compton experiments 7-10 ), this spectrum has the advantage of having far fewer low-energy photons.
Assuming a collimated electron beam and narrow-bandwidth counterpropagating laser, the fractional bandwidth of the on-axis Compton-scattered spectrum is ΔE γ /E γ ≈ 2ΔE e /E e where E e and ΔE e are the electron-beam average energy and energy spread, and E γ and ΔE γ are the X-ray beam average energy and energy spread, respectively. The measured electronbeam spectrum peaks at 55 ± 3 MeV (Figure 2 , inset), with a 22% (FWHM) energy spread (the spectral shape was well represented by a Gaussian fit) and 23 pC beam charge. The ~6% increase in the measured X-ray energy spread (~50%), compared with the analytical prediction (~44%), is attributable to P o w e r s e t a l . i n N at u r e P h o t o N i c s ( 2 0 1 3 ) contributions from the laser spectral bandwidth, scattering angle, divergence and laser ponderomotive force, all of which in our case were small in comparison to the energy width contributed by the electron beam.
The experimental measurement of the X-ray bandwidth was compared with the predictions of a previously benchmarked numerical model 6 (Supplementary Methods). The model simulates the scattered X-ray spectrum from the measured electron-beam characteristics (that is, the energy spectrum and energy-dependent divergence of Figure 1b ), represented by a six-dimensional phase-space distribution, and the laser parameters (150 fs laser scattering pulse duration; focused intensity of 2 × 10 17 W cm -2 ). The model predicts an on-axis X-ray spectrum peaked at 71 keV. Off-axis, the X-ray central energy decreases smoothly with increasing polar angle. Averaging the spectrum over the polar angles measured in the experiment results in an additional redshift, with no significant change in the spectral width. The simulated spectrum, including contributions from all photons within the area used for Ross-filter analysis, predicts an averaged spectrum ( Figure 2 ) that peaks at 64 keV, with 50% fractional bandwidth. Thus, the energy, the bandwidth and the number of photons within the measured region (4.6 × 10 5 simulated compared to 3 × 10 5 measured) are all well within the uncertainty of the measurement.
The central X-ray energy was tuned over one order of magnitude by tuning the energy of the LWFA electron beams from ~50 MeV to 300 MeV (Figure 3) . A different filter set and analysis method (see Methods) were required to measure the Xray photon energy over this much larger range due to the limited working range of the Ross-filter technique (Supplementary Figure 2 ). Although the central energy could be measured by this method, the energy spread could not. For the ~70 shots in which the X-ray energy could be analyzed, the average X-ray central energy was observed to follow a quadratic scaling with the average electron-beam central energy, as the latter was tuned. This agrees with the theoretically predicted E γ = 4 γ 2 E L scaling for photons backscattered on-axis by a single electron, where E L and E γ are the scattering laser and scattered X-ray photon energies, respectively, and γ is the relativistic Lorentz factor of the electron.
The reproducibility and stability of the X-rays were also computed, but using a larger data set. X-ray beams were observed on >93% of shots (664 in total) when the scattering beam was present, illustrating the reproducibility of X-ray generation. For 56% of these shots, quasi-monoenergetic electron beams (energy spread  25%) were measured. From the above experimental results and theoretical analysis, we can infer that the X-rays on these shots were also quasi-monoenergetic (energy spread  50%). The measured electron energy spread, and thus inferred X-ray energy spread, was found to be most stable for the lowest and highest electron energy settings, where >74% of the beams were quasi-monoenergetic ( Supplementary Figure 3) .
The X-ray photon number was stable to within 60% of its average value, 1.7 ×10 6 ( Supplementary Figure 4) . The photon number, and thus photon flux, depends on three factors: scattering-laser beam intensity, degree of beam overlap and electron-beam charge. The stability was dominated by the stability of the electron-beam charge, which for this data set was stable to within 45% of its average value, 29 pC. Greater control of the flux can be achieved by stabilizing the electron-beam charge and adjusting the scattering-beam intensity.
The all-laser-driven architecture has several advantages. Besides a small overall device size, the electron and scattering beam parameters are also well matched in size, and the pulses are well synchronized. These characteristics lead to high peak X-ray brightness: ~3 × 10 18 photons s -1 mm -2 mrad -2 (per 0.1% Q u a s im o n o e n e r g e t i c a n d t u n a b l e Xr ay s f r o m a l a s e rd r i v e n c o m P t o n l i g h t s o u r c e 3 bandwidth) for 70 keV beams from Figure 2 , and ~1 × 10 19 for 1 MeV beams from Figure 3 . The brightness was calculated using the measured beam divergence and photon number, and assuming a 30 fs X-ray pulse duration and 6 μm (root mean square, r.m.s.) X-ray source size. 10 The 1 MeV beam brightness is comparable to previously reported polychromatic X-ray beams of similar energy. 10 The improved X-ray characteristics reported here should expand the reach of compact all-laser-driven Compton X-ray sources. For instance, narrow X-ray bandwidth, relative to bremsstrahlung, significantly reduces the amount of unwanted radiation in medical imaging. Consequently, radiographic image quality is improved, 12 patient risk is decreased 11, 13 and beam-hardening effects are reduced. 2 Additionally, photon energy-tunability can enhance radiographic imaging. 12 Further improvements in X-ray performance can be expected by incorporating techniques used in conventional Compton sources and/or advances in LWFA technology. For instance, by using either higher scattering photon energy (achieved by harmonic conversion) or higher LWFA electron energy, 25, 28 the X-ray energy will soon exceed the threshold for nuclear photo-disintegration (~10 MeV). 14, 15 Similarly, lower-bandwidth X-rays will result from using lower-bandwidth electron beams. [20] [21] [22] [23] Finally, the control and stability of the X-ray energy will be substantially improved by recent advances in the degree of control and stability achieved for LWFA electron energy. 24
Methods
Laser. The drive beam was operated from 1.3 to 1.7 J. Spectral-and spatial-phase correction optimized the beam characteristics. 26 The resulting 33 fs pulse was focused with an f/14 parabolic mirror to a 21 μm (FWHM) Gaussian focal spot. The 150 fs, 130-170 mJ scattering beam was focused with a thin positive lens ( f = 1,000 mm) to 17 μm (FWHM).
Undulator parameters. The electron beam and scattering laser were spatiotemporally overlapped 1.5 mm downstream of the accelerator exit at a 170° angle (nearly backscattering). The laser had N = 56 cycles, and a strength parameter of a 0 = 0.3.
Accelerator parameters.
We used a dual-stage gas jet accelerator consisting of an injector stage of a 99:1 He:N 2 mixed gas mixture 29, 30 and an accelerator stage of pure He. The central energy was increased, within a given range, by increasing the plasma density of the accelerator stage. Using a longer accelerator stage shifted the tunable energy range higher. The plasma density of the 0.5 mm acceleration stage was scanned from 2 × 10 17 cm -3 to 2 ×10 18 cm -3 . For the two highest-energy data points shown in Figure 3 , a 2 mm acceleration stage density was scanned from 1.2 × 10 18 cm -3 to 1.7 × 10 18 cm -3 . A future publication will provide further details on the accelerator.
Detection. The electron spectrometer consisted of a 19 cm, 0.8 T magnet and a Gd 2 O 2 S:Tb screen (LANEX) imaged by a 12-bit charge-coupled device (CCD) camera. A magnetic field map was used to calculate the electron deflection versus energy. The LANEX was placed outside the X-ray beam path to allow simultaneous measurement of the X-rays and electrons.
The X-ray detector was a 40 × 40 voxel array of 1-mm-square, 1-cm-deep CsI crystals imaged by a 14-bit electron multiplying CCD camera. All voxels were separated by 0.2-mm-wide epoxy. Crosstalk between voxels was measured using an X-ray tube source.
X-ray spectral measurement (Ross filters).
Each filter was cut into a 1.2 mm square and aligned to a single detector voxel. The X-ray beam profile in filtered regions was reconstructed by a two-dimensional biharmonic spline interpolation. A transmittance map was produced by dividing the measured signal by the reconstructed one.
The signal difference between two filters of a Ross pair was used to calculate the number of photons within the measurement bandwidth of the pair (ΔE), written explicitly as
where E is photon energy, Ω(E) is the detector response, and S and T are the signal level and transmittance of individual filters, respectively. Assuming the X-ray photon density has a nearly linear slope within each Ross-pair bandwidth, the photon density can be written as
where E avg is the average energy within the bandwidth and β is the slope of the distribution within the bandwidth. The average photon density,
is obtained by integrating across the Ross-pair bandwidth. We used β = 0 to calculate the X-ray photon density, but included uncertainty in the slope in the error analysis as
The upper limit of the slope ( β max = 4) was estimated from simulations. Other factors contributing to the error bars include uncertainty confidence intervals, calculated using t-distribution of shot-to-shot fluctuations in the measured values. Across an order-of-magnitude range of x-ray energy, the x-ray photon number is found to be stable to within 60% of its average value, 1.7x10 6 .
